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INTRODUCTION
Individual competitive ability can be compared between species in two distinct ways: in their competitive effect or ability to suppress other individuals and in their competitive response or ability to avoid being suppressed (Jacquard 1968; Goldberg & Werner 1983; Goldberg & Fleetwood 1987) . Operationally, these correspond to positions in rankings of the reduction in some component of individual fitness of a single target species grown with different neighbour species (effect comparisons between neighbours) and positions in rankings of reduction in fitness of different target species in the presence of the same neighbour species (response comparisons between targets). Position in both effect and response hierarchies may influence the long-term population dynamic outcome of competition (Goldberg 1990 ). However, because it is very difficult to quantify population-level competitive ability for longlived organisms such as most terrestrial plants, most experimental studies focus on individual-level competitive ability and these necessarily entail an explicit comparison of different neighbours and/or different targets.
Despite the recognition of the distinction between comparisons of competitive effect and response (Aarssen 1983) , discussions of the nature of competitive ability and traits that determine competitive ability rarely take this distinction into account (Goldberg 1990) . Similarly, many of the studies that compare 'competitive ability' among species explicity compare only effect (e.g. Turkington & Harper 1979; Fonteyn & Mahall 1981; Eissenstat & Caldwell 1988; Gaudet & Keddy 1988) or only response (e.g. Gross 1984; Keddy 1989) , even when the design was such that both could have been compared (e.g. Turkington & Harper 1979; Fonteyn & Mahall 1981 ; but see Wilson & Keddy 1986; Miller & Werner 1987; Peart 1989; Gurevitch et al. 1990 ). Consequently, a number of the important controversies concerning competitive ability in plants (Thompson 1987; Tilman 1988 ; Thompson & Grime 1988 ) may simply be semantic -resulting from confusion of the two types of competitive ability (Goldberg 1990) . In this paper, we compare competitive effect and response between a group of species to address several important questions concerning competitive ability:
(i) How different are species in competitive effect and in competitive response? Goldberg & Werner (1983) hypothesized that per-unit size competitive effects should be equivalent, at least within growth forms, because of the overall similarity in resources required by plants, but that competitive response would differ between species because of differences in their ability to tolerate low resource availability due to the presence of neighbours. If true, this would greatly simplify analyses of competitive interactions in plant communities because only response to competition from all neighbours would need to be compared between species.
(ii) If effects or responses are not completely equivalent on either a per-individual or per-gram basis, how consistent are hierarchies of effect or response competitive ability between species? If consistent hierarchies occur, similar traits should determine either effect or response competitive ability regardless of the particular pair of competing species.
(iii) If consistent hierarchies occur, what traits determine position in the hierarchy? A number of traits have been hypothesized or demonstrated to be related to competitive ability (Grime 1988; Tilman 1988; Keddy 1989) . However, few attempts have been made to separate expected or actual relationships between the effect and the response components of competitive ability (see Goldberg 1990) .
(iv) Are the two components of competitive ability positively or negatively correlated or uncorrelated? That is, do similar traits determine effect and response or, if different traits, are there trade-offs between traits that confer competitive effect and competitive response such that there is a negative correlation between the two types of competitive ability? If negative correlations occur, it becomes important to consider how the two interact to determine dominance and persistence in natural plant communities and if there are conditions under which effect or response competitive ability is more important (Goldberg 1990) .
The answers to all these questions probably depend on time scale. For example, several studies have shown that competitive hierarchies change over time within the same environment (Connolly, Wayne & Murray 1990; Menchaca & Connolly 1990) , and therefore which traits determine competitive ability must depend on factors such as relative sizes or stages of the life cycle of the competing plants. Because our focus is on individual competitive ability and not the eventual population-dynamic outcome of competition, we chose to use a short-term (5-week) experiment but use a large number of species combinations. Therefore, the results throughout apply only to the initial stages of competition.
An additive experimental design was used to measure the short-term competitive effects and responses between all pairwise combinations of seven different species, including intraspecific combinations. In an additive design, a 'target' species is held at a constant density, whilst density of a 'neighbour' species is increased. If the target species is at a density low enough that there is no intraspecific competition, the slope of a regression of mean individual performance of the target species on density or biomass of neighbours is a competition coefficient. This coefficient can be interpreted as the per-individual or per-gram effect of the neighbour on the target species or as the response of the target species to one individual or 1 g of the neighbour species (Goldberg & Werner 1983) . Comparison of different neighbour species on the same target species gives comparisons of effect competitive ability, whilst comparison of different target species grown with the same neighbour species gives comparisons of response competitive ability (Fig. 1) . Better effect competitors have steeper negative slopes, whilst better response competitors have shallower negative slopes (Fig. 1) . Facilitation is indicated by positive slopes.
METHODS

Species and traits
The experimental species were all herbaceous plants commonly found in old fields or pastures of various ages (Table 1) . Seed mass for each species was obtained by weighing a minimum of five seed lots of twenty to fifty seeds each. Emergence time was calculated as the median days to emergence of a minimum of fifty seeds of each species. Maximum potential relative growth rate (RGRmax.), maximum potential total mass (root + shoot), and percentage allocation to shoots were determined from the target plants grown with no neighbours (see below). RGRmax. was calculated as log (final mass/seed mass)/days. Both days between sowing and harvest and between median emergence time and harvest were used in the denominator. SowingRGRmax. gives a measure of relative growth rate over the entire experimental period while emergence-RGRmax. allows separation of the influence of time to emergence and of post-emergence growth rate on competitive ability.
Density gradients and harvesting
The experiments were carried out in a glasshouse at the Matthaei Botanical Gardens of the University of Michigan. Containers (flats), 25.4 cm x 25 4 cm in area x 63 cm deep, were filled with a nutrient-rich soil mix of equal parts peat, sand, composted soil and perlite. Each flat initially had nine target individuals and 0, 8, 16, 32, 64, 128 or 356 neighbour individuals. This resulted in seven flats for each of the forty-nine species combinations, for a total of 343 flats. The nine target individuals in each flat were arranged in a regular three-by-three array. Neighbour individuals were also planted in regular arrays in the low-density flats but were broadcast over the soil surface for densities > 16 flat-'. For both target and neighbour species, the actual number of seeds planted was based on expected percentage germination. If more than one seed of the target species germinated at a given location in each flat, the seedlings were thinned to one, leaving the earliest germinating seedling. No attempt was made to count or thin the number of germinating neighbour individuals. Locations of target seeds were marked with toothpicks so that target individuals could be distinguished from neighbour individuals, especially in the intraspecific competition flats. Flats were watered once or twice daily as needed and no fertilizer was added at any time.
The flats were harvested after 5 weeks for above-ground biomass of neighbours, and above-and below-ground biomass of target individuals. Neighbour individuals were counted as they were harvested. All plants were dried at 65 ?C for at least 48 h and weighed.
Analysis
To compare target species with different maximum sizes, mean mass per target plant in each flat was divided by the mean maximum mass per plant of that target species (mass in the absence of neighbours; n = 7, see Table 1 ). In addition, because the values at 0 neighbour density for all seven neighbour species for a given target species were actually replicates of the same treatment, these were averaged and the mean used in all the regressions for that target species. These two procedures resulted in regression intercepts that were only rarely significantly different from 1 (3/49 for neighbour density, 6/49 for neighbour biomass) and therefore allowed comparisons of slopes (competition coefficients) that were independent of differences in intercepts (performance in the absence of competition).
The proportion of maximum target mass was regressed against neighbour density and against neighbour above-ground mass, yielding per-plant and per-gram competition coefficients, respectively. It is important to note that target plants were never also included as neighbours, so that there is no potential for statistical confounding caused by using the same plants as both targets and neighbours (cf. Mitchell-Olds 1987) . Both untransformed regressions and regressions using the reciprocal of proportion of maximum target mass were calculated to determine the form of the relationship between targets and neighbours. In the transformed regressions, positive slopes indicate negative (competitive) effects. The reciprocal transformation is based on a simple form of the reciprocal-yield equation for intraspecific competition (Shinozaki & Kira 1956 ) and has been used extensively in this or modified form to quantify both intraspecific and interspecific density dependence (Firbank & Watkinson 1990) .
Slopes of the regressions among the seven neighbour species for each target species (competitive effect) and among the seven target species for each neighbour species (competitive response) were compared with analyses of covariance. Pairwise analyses of covariance were then used to test whether each pair of neighbour or target species differed in competitive effect or response, respectively. Because there were twenty-one possible pairwise comparisons for each target or neighbour species, an alpha of 0-05/21 = 0-0024 was used as a minimum significance level in the pairwise comparison of species. Consistency of hierarchies of competitive effects and responses were tested by Kendall's coefficient of concordance (W). Relationships among species traits and between species traits and mean effects or responses were tested with Pearson correlation coefficients. The BMDP (Dixon 1983) and SYSTAT (Wilkinson 1989 ) statistical packages were used for all analyses.
RESULTS
Species traits
Of the quantitative traits measured for each species (Table 1) , only seed mass and maximum plant mass were significantly correlated with each other (rs = 0-84, P < 0.05). Not surprisingly, species with larger seeds had larger maximum mass at harvest. However, this significant relationship disappeared if Lolium, with much larger seeds and maximum plant mass than any of the other species (Table 1) , was excluded (r4 = 0 68, P > 0 10). Maximum plant mass was then significantly negatively correlated with time to emergence (r4= -0-86, P < 0.05), indicating that species that took longer to emerge had smaller maximum mass at harvest. Furthermore, without Lolium, seed mass was negatively correlated with RGRmaX. (from sowing: r4 = -0-96, P< 001; from emergence: r4 = -0 87, P< 0 05). The observation that species with larger seeds have lower relative growth rates in the absence of any competition has been found in several other studies (e.g. Gross 1984) .
Percentage allocation to shoot was significantly higher in annuals than perennials (F1,5= 13-13, P<0-05; see Table 1 ) and RGRmaX. was higher for erect plants than for low-growing plants (from sowing: F1,5 = 5 85, P = 0 06; from emergence: F1,5 = 18 02, P<0.01). When Lolium was excluded from the analysis, erect species still had significantly higher RGRmax (from sowing: F1,4 = 10 47, P < 0 05; from emergence: F1,4= 16 38, P<0.05) and also had much smaller seeds than did the lowgrowing plants (F1,4=38-93, P<0-01). Thus, not only does Lolium have much larger seeds and maximum mass than any of the other species, it seems to have particularly large seeds for the erect species in this experiment. Lolium also has a very high RGRmax. for its seed mass.
Description of target-neighbour relationships
The proportion of variance in target mass explained by neighbour density was significantly higher for the transformed regressions than for the linear regressions (Wilcoxon signed rank test, P < 0-001). Fifty-nine per cent of the transformed regressions on neighbour density were significant at the 0-05 level (Fig. 2) . On average, neighbour density explained 61% of the variance in target performance using the transformed regressions and 70% of the regressions explained more than 50% of the variance in target performance (Fig. 2) . All regression slopes except two using reciprocally transformed target performance were positive (Fig. 2, Table 2a ), indicating competitive rather than facilitative interactions. The two exceptions were both non-significant and had R2 < 10%.
In contrast to the results for neighbour density, the proportion of variance in target mass explained by neighbour biomass was not significantly different between the linear and transformed regressions (Wilcoxon signed rank test, P = 0 77) and therefore the slopes of the linear regressions were used in subsequent analyses. The slopes of the forty-nine target-neighbour combinations were highly correlated between the transformed and untransformed regressions (r47 = 0-61, P < 0.001), suggesting results would be similar regardless of which was used. On average, neighbour biomass explained 55% of the variance in target performance; this value was marginally less than that explained by neighbour density (Wilcoxon signed rank test, P = 0-06). Fifty-one per cent of the linear regressions on neighbour biomass were significant at the 0O05 level and 69% explained more than 50% of the variance in target performance (Fig. 3) . All but one of the regression slopes using untransformed target mass were negative (Fig. 3, Table 2b ), again indicating that targetneighbour relationships were largely competitive. To facilitate comparisons of competitive effect or response on a per-plant and per-gram basis, slopes on both neighbour density and biomass are presented as positive in the rest of this paper. Larger positive slopes indicated stronger effect competitors, but weaker response competitors.
Comparisons of effect between neighbour species
Neighbour species differed significantly in their per-plant effect for all target species except T. repens (Table 2a) , but relatively few of the possible pairwise comparisons between neighbour species were significant using Bonferonni-adjusted probabilities (none to six of twenty-one possible for each target species). Despite these few differences, the ranking of per-plant competitive effects between neighbours was significantly concordant among targets (W = 0 47, P <0 001). Almost all of the significant pairwise comparisons involved Lolium, which had a much stronger effect than any of the other neighbour species on all target species (Table 2a) . When Lolium was excluded from the comparisons of competitive effect, neighbour species differed oveall in per-plant effects for only three of the seven target species (Chenopodium, T. repens and Rumex) and the ranking of per-plant competitive effects between neighbour species was no longer significantly concordant among target species (W = 0 15, P > 0 30). Based on mean slopes (averaged over all target species), the hierarchy of per-plant competitive effects was Lolium > T. pratense > Amaranthus > Chenopodium > T. repens = Phleum > Rumex. Mean per-plant effects were significantly stronger for neighbour species with larger seeds and larger maximum plant mass (Fig. 4a) but these trends disappeared when the much larger Lolium was excluded (P> 0-35). With or without Lolium, Table 1 ). Pearson correlation coefficients and significance levels (n = 7) are shown each graph. + P < 0-10, * P < 0-05, ** P < 001, *** P<O.OO1. per-plant effects did not differ between life-history types (unpublished data) or growth forms (Table 3) .
Per-gram effects of neighbours were only significantly different for three of the target species (Table 2b) , and the F values for comparisons between neighbour species were significantly lower than for per-plant effects (cf. Table 2(a) and 2(b); Wicoxon signed rank test, P<0.05). Almost none of the possible pairwise comparisons of effects per-gram was significant (none to one of twenty-one possible for each target species). Nevertheless, rankings of competitive effect per-gram were again significantly concordant between target species (W= 0 57, P< 0001). Mean slopes for each neighbour species indicate the hierarchy: Phleum > Amaranthus > Lolium > Chenopodium > Rumex > T. repens > T. pratense. This hierarchy is unrelated to that for per-plant effects (r5 = 0 16, P > 0 50). Note especially the lower ranking of Lolium and T. pratense in the per-gram effect hierarchy and the higher ranking of Phleum.
The significant positive correlations between competitive effect and maximum plant mass and seed mass disappeared when neighbour biomass instead of density was used as the independent variable in the regressions (Fig. 4b) . Instead, neighbour species with higher RGRmax. (calculated from time of sowing or of emergence) had significantly stronger per-gram effects. In addition, erect species had significantly greater per-gram effects than did low-growing neighbour species (Table 3) and this relationship remained significant without Lolium (F1,38 = 19 47, P < 0.001). Because of the confounding of growth form and RGRmax. (Table 1) , it is impossible to separate which of these is the primary correlate of per-gram effects.
All of the correlations with quantitative species traits that have been presented are based on mean per-plant or per-gram effect for each neighbour species, averaged over all target species. Correlations for each target species using the slopes from regressions for each neighbour species as the individual data points show very similar patterns, although not all the correlations were significant (unpublished data). Table 1 ). Pearson correlation coefficients and significance levels (n = 7) are shown each graph. + P<0 10, * P<o005, ** P<o 01, *** P<o 001.
Comparisons of target species: competitive response
Because neighbour density and biomass were significantly positively correlated for all forty-nine species combinations (P < 0-10 for all forty-nine pairs, P < 0-05 for forty-two of forty-nine pairs), mean target responses to neighbour density and biomass are highly correlated (r5 = 0 78, P < 0 05) and are discussed together. The target species responded significantly differently to neighbour density for four of the seven neighbour species (Table 2a) and to neighbour biomass for only one of the seven neighbour species (Table 2b) . Few of the pairwise comparisons of target species to the same neighbour were significant (none to five significant of a possible twenty-one comparisons for each neighbour species). Nevertheless, the ranking of response among target species was highly significantly concordant among neighbour species for density (W= 064, P < 0-001), although only barely significantly concordant for biomass (W= 0 37, P < 0 05). The hierarchy for best to worst response competitor for response to density was T. pratense > T. repens > Lolium > Phleum > Rumex > Chenopodium > Amaranthus. The hierarchy for response to biomass was similar but had several reversals of nearby species: T. repens > T. pratense > Lolium > Amaranthus > Chenopodium > Rumex > Phleum.
Response competitive ability in terms of both neighbour density and biomass significantly increased with lower overall RGRmax. although there was no relationship with post-emergence RGRmax. (Fig. 5 ). There were also marginal trends (P < 0 10) for better response competitors to have larger seeds (Fig. 5) . In addition, good response competitors in terms of neighbour density had lower allocation to shoots and good response competitors in terms of neighbour biomass had significantly earlier emergence (Fig. 5a,b) . Life-history type (unpublished data) and growth form (Table 3) had no influence on response competitive ability.
Effect vs. response
Mean effect as a neighbour species and mean response to density as a target species were not significantly correlated for either density (r5 = -0 42, P > 0 10) or biomass (r5= 0-57, P>0-10). Note that a negative correlation means that species that are good-effect competitors as neighbours (steeper slopes) are also good-response competitors as targets (shallower slopes), whilst a positive correlation indicates a trade-off between the two types of competitive ability.
DISCUSSION
Target-neighbour relationships
The average proportion of variance in target performance explained by neighbour density and biomass was 55% and 61%, respectively, which is much higher than that found in most neighbourhood studies, even under glasshouse conditions (Mack & Harper 1977; Fowler 1984; Silander & Pacala 1985; Firbank & Watkinson 1987) . This is especially surprising given the very short duration of the experiment (5 weeks) and indicates strong competitive interactions. The most likely explanation for the high variation explained by competition is that the target performance data reported in this study represent the mean performance of 9 target plants flat-' rather than of a single individual. This is likely to have reduced variance among individuals that was independent of density and so increased the proportion explained by neighbour density or biomass.
The relationships between target performance and neighbour density were nonlinear, as has been found in almost all of the many studies of intraspecific densitydependence (e.g. Weiner 1982 Weiner , 1984 Silander & Pacala 1985; see Harper 1977 for review of earlier work) and the fewer studies of interspecific density-dependence (Mack & Harper 1977; Goldberg 1987; Pacala & Silander 1987) . However, the relationships with biomass were linear, suggesting that the cause of the decline in per-plant effects with increasing density is simply that individual neighbour plants are smaller due to greater intraspecific competition. In contrast to this constant pergram effect, the relatively few examples in the literature all found declining pergram effects with increasing biomass (Goldberg 1987; Goldberg & Fleetwood 1987; Miller & Werner 1987; Peart 1989) . Because all of these studies reported on targetneighbour relationships at the end of a growing season or at the end of the plants' life cycle, it may be that the constant per-gram effect found in this study is due to our focus on the early stages of competition. For example, many plants shift allocation from leaves and roots to support, storage or reproductive tissues over a season or with age (Harper 1977) , which would result in declining per-gram resource uptake rates and hence declining per-gram competitive effects. If this shift is less pronounced at lower total neighbour biomass (lower competition between neighbours), it would explain the contrast in results between this study and other studies in the literature.
Competitive effect: hierarchies, equivalence and associated traits Hierarchies of competitive effect were highly concordant among neighbour species on both a per-plant and per-gram basis, suggesting that rankings of competitive effects are independent of the target species. It is possible that extending the interactions over a longer time would have resulted in less-consistent hierarchies. However, in a review of several longer-term studies comparing pairwise competitive interactions between a number of plant species, Keddy & Shipley (1988) also found that hierachies of competitive effect are generally consistent among target species (see also Miller & Werner 1987; Peart 1989; Gurevitch et al. 1990 ). This general lack of species-specific pairwise interactions in plants suggests that there is relatively little resource partitioning between plant species so that all species compete for completely shared resources.
Given consistent hierarchies of competitive effects, what traits determine position in hierarchies on either a per-plant or per-gram basis? Competitive effects should be related to ability to deplete resources and make them unavailable to other plantsgreater depletion rates of limiting resources should lead to greater competitive effects (Goldberg 1990) . Because a large component of depletion ability is simply total biomass or surface area of resource-acquiring organs, per-plant effects should be strongly related to plant size and species should be much more similar in competitive effect on a per-unit size basis than on a per-individual basis (Goldberg & Werner 1983) . The results of this study are consistent with this hypothesis: the proportion of variance explained by neighbour species was much smaller for the comparisons of per-gram effects than for per-plant effects and the hierarchy of per-plant effects was highly correlated with both initial plant size (seed mass) and maximum potential plant size. However, some differences between species in competitive effect were found even on a per-gram basis, suggesting that plant size (as reflected by total biomass) is not the only determinant of ability to deplete resources.
The hierarchy of per-gram competitive effects was at least partially determined by maximum potential relative growth rate, consistent with the idea that, all else being equal, species that grow faster deplete resources faster. However, the effects of RGRmax. on competitive effect were confounded with those of growth form. Because the species in this study with higher RGRmax. also had a more-erect growth form that would be expected to deplete light to a greater extent, it is impossible to determine from these results if both of these traits influence competitive effect or only one of them.
Our results are consistent with several recent studies that have also compared per-plant and per-unit biomass effects or both, using somewhat longer-term experiments. Per-plant effects are generally significantly different between neighbour species (Goldberg 1987; Goldberg & Fleetwood 1987; Gordon et al. 1989; Gurevitch et al. 1990 ). For per-gram effects, experiments conducted in the field have all found statistical equivalence (Goldberg 1987; Miller & Werner 1987; Peart 1989) , whilst those conducted under more-controlled conditions have all found at least some differences between species (Goldberg & Fleetwood 1987; Gordon et al. 1989) , as in this study. Thus, the greater variance in other factors affecting plant growth we expect under field conditions may mask real differences between species in their competitive effects, at least from the viewpoint of an ecologist with an arbitrary level of significance and power to detect differences.
Competitive response: hierarchies, equivalence and associated traits As with competitive effect, hierarchies in competitive response among target species were similar regardless of neighbour species. This concordance was much weaker, however, for responses to neighbour biomass than to neighbour density. This is probably because of the much weaker differences among target species in response to neighbour biomass. Therefore, the greater inconsistency in ranking of competitive response to neighbour biomass among target species is unlikely to be important biologically because the target species were largely equivalent in response to neighbour biomass. This does, however, leave open the question of why target species were more similar in response to biomass than to density for each neighbour species. Because neighbour density and biomass were always highly correlated for all species combinations in this study, we can see no obvious reason for this pattern.
Position in competitive response hierarchies among species should depend on either relative abilities to tolerate depleted resource levels due to the presence of neighbours or relative abilities to avoid experiencing depleted resource levels because of pre-emption of resources from neighbours. Which of these is more important should be related to relative sizes of targets and neighbours (Goldberg 1990) . When targets are small relative to their neighbours, they are unlikely to cause significant depletion of resources relative to the depletion caused by their neighbours. Therefore, ranking of competitive response should be determined by ability to tolerate depleted resource levels. Because species more tolerant to shade and low nutrient levels often have lower RGRmax, this translates into the prediction that better response competitors should have lower RGRmax. (see reviews by Boardman 1977; Bazazz 1979; Chapin 1980 Chapin , 1988 Grime 1988) . In contrast to this prediction for strongly sizeasymmetrical competition, if target plants are similar in size to their neighbours, preemption of resources through earlier and/or more rapid growth could play a much larger role in determining competitive response (Goldberg 1990 ).
Because seeds of target and neighbour plants were sown at the same time in this study, the size-symmetrical case seems more applicable, and early emergence, a large initial size advantage, and/or high RGR max. should be positively correlated with competitive response. The applicability of the size-symmetrical case to our experiment is reinforced because of the short duration of our experiment. As a plant stand develops, differences in size between individuals or between species often bcome accentuated (Weiner & Thomas 1986) , which could lead to a switch over time from traits related to resource pre-emption to traits related to resource tolerance being correlated with competitive response. However, most of the results were actually more consistent with the size-asymmetrical case. Earlier emerging species were better response competitors as predicted for size-symmetrical interactions, but only in response to neighbour biomass, and no relationships with post-emergence RGRmax., initial plant size or maximum plant size were found for response to neighbour density or biomass. Furthermore, when RGRmax. was calculated from date of sowing rather than date of emergence, better response competitors to both neighbour density and biomass actually had significantly slower growth rates, as predicted for the size-asymmetrical situation.
One hypothesis to explain why response hierarchies seem to be associated with low RGRmax. rather than with high RGRmax. as expected with this experimental design is related to the variation in growth form among species in this study. If competition was largely for light, the low-growing species would not be able to preempt light regardless of their relative growth rate or size. Therefore, the alternative mechanism of being a superior response competitor, tolerance of low resources and its typical correlate, low RGRmaX, would be expected to predominate. This hypothesis would predict that position in the response hierarchy among the erect species only should be positively correlated with RGRmax.. Unfortunately, sample size within growth forms is too small to test this prediction.
Hierarchies of effect vs. response competitive abilities The hypotheses described above for the traits determining effect and response competitive ability suggest the additional hypothesis that the two types of competitive ability should be positively correlated for size-symmetrical competition (resource pre-emption possible) and uncorrelated or negatively correlated for size-asymmetrical competition when tolerance of low resource availability becomes an important component of response competitive ability. If the hypothesis above about the importance of growth form over initial conditions (seed-seed vs. seed-adult) in our study is correct, the results of this study and others in the literature comparing effect and response hierarchies are generally consistent with this hypothesis. In the short-term glasshouse study reported in this paper, the two types of competitive ability were uncorrelated with each other based on either neighbour density or neighbour biomass (although relationships with RGRmaX. from time of sowing were opposite for the two types). In a much longer-term field study of seedling-adult interactions, Peart (1989) also found no correlation between effect and response competitive ability, as would be predicted for these size-asymmetrical interactions. Three longer-term studies starting all plants from seed all found positive correlations between effect and response competitive ability, as predicted for size-symmetrical interactions (Goldberg & Fleetwood 1987; Miller & Werner 1987; Gurevitch et al. 1990 ).
Conclusions
The observation that effect and response are not always positively correlated and can be related to different plant traits emphasizes the importance of measuring both of them if we are to develop generalizations about the traits that determine competitive ability. Although our results apply directly only to the early stages of competition, many of our results are consistent with longer-term studies in the literature. Nevertheless, it is critical that the effects of plant size and age on effect and response competitive ability be evaluated directly. It also becomes critical to establish the relative importance of effect and response competitive ability of individuals in determining the long-term population-level outcome of competition. Goldberg (1990) suggested that good-effect competitors should dominate early in succession or within gaps where resource pre-emption is possible, whilst good-response competitors should dominate later in succession and in undisturbed vegetation where seedlings establish under adults. Testing this hypothesis about effect vs. response competitive ability or any other about the relationship between individual competitive ability and population abundance will require a good understanding of the lifehistory stages that regulate populations; an understanding that we have now for very few species.
